ABSTRACT: Many biological processes are regulated by 8 reversible binding events, with these interactions between 9 macromolecules representing the core of dynamic chemistry. analysis. AFM shows that Z-motifs seem to induce the aggregation of micelles, which supports the enhanced stability displayed by 24 ZELRs when compared to ELR at the macroscale level. To the best of our knowledge, this is the first time that such an interplay 25 between these two domains has been reported. Furthermore, the cytocompatibility of the resulting hydrogels opens the door to 26 their use in biomedical applications. 
Following the school of thought of bioinspiration, which is 53 characterized by the transfer of designs found in Nature to 54 create new and advanced systems in the laboratory, the ability 55 of Z-moieties to oligomerize has been extrapolated to the 56 creation of physical hydrogels. 8 The Z-sequence used in the molecular designed ZELRs 116 developed in this work, known as HLF, 19 belongs to a natural 117 class of human zippers, and the extrapolation of its functionality 118 to the development of new and advanced systems and 119 biomaterials has not been studied to any extent. The HLF 120 sequence belongs to the PAR family of human B-ZIP proteins, 121 which is considered to be the canonical homodimerizing 122 leucine zipper. 19 The choice of this sequence was motivated by 123 the accurate adjustment of this human sequence to the 124 established knowledge of stable dimeric coiled−coil inter-125 actions. 19 Moreover, since our understanding of the structure− 126 property relationships in this class of materials is limited, in 127 addition to studying the natural HLF sequence as a means of 128 obtaining such hydrogels, we have also constructed a mutated 129 version in order to shed light on the molecular design principles 130 and to obtain valuable experimental information regarding 131 tailoring of the material's properties. 132 The main aim of this work is to explore the feasibility of Visualization of the Sol−Gel Behavior. The 15 wt % aqueous 202 solutions of (EI-ZC)×2, (EI-ZL)×2, and (EI)×2 were prepared by 203 dissolving the pure recombinamers in PBS at 4°C for 16 h. Once the 204 recombinamers had completely dissolved, pictures were taken at 4°C. 205 Thereafter, the recombinamers were placed at room temperature, and 206 after 2 min, the samples were inverted and pictures were taken.
207
Stability in an Excess of Aqueous Medium. A solution of each 208 recombinamer at 15 wt % was prepared by dissolving pure lyophilized 209 polymer in aqueous solution (PBS) in glass vials. Once the solution 210 had been obtained, it was incubated at 37°C for 10 min to ensure 211 hydrogel formation. Immediately afterward, 1.5 mL of PBS was added 212 to the preformed hydrogels. The hydrogels with PBS were placed in a 213 shaker, at 50 rpm and 37°C and photographs taken at different times 214 (0, 30, 60, and 120 min) in order to monitor the evolution and 215 stability of the hydrogels. After 2 h in the shaker, the erosion of the 216 hydrogels was quantified by spectroscopic methods, measuring the 217 absorbance and by electrophoretic analysis, analyzing the intensity 218 band using KODAK 1D 3.6 software.
219
Macroscopic Features: Rheology. The mechanical properties of 220 the hydrogels were measured using rheological tests in a controlled 221 stress rheometer (AR2000ex, TA Instruments) equipped with a Peltier 222 plate temperature control.
223
The conversion of the solution to a gel in the sol−gel process was 224 studied for the three recombinamers (EI)×2, (EI-ZC)×2, and (EI-225 ZL)×2. A parallel-plate geometry of 20 mm in diameter and a sample 226 volume of 350 μL in PBS was used. The temperature ramp, kinetics of 227 gelation, and the stability over time were carried out at a constant 228 strain of 0.5% and a frequency of 10 Hz. Temperature ramp 229 experiments were performed by heating the sample from 5 to 40°C. 230 The heating rate was 2.5°C/min, and the reverse process (cooling) 231 was performed under the same conditions. The kinetics of the gelling 232 process and stability over time was measured at 37°C.
233
Circular Dichroism Spectroscopy. Recombinamers were dis-234 solved at a final concentration of 1 mg/mL and were kept overnight at 235 4°C. A 1:10 dilution was prepared immediately prior to performing 236 each measurement. The CD spectrum was acquired using a Jasco J-815 237 150-S spectrometer, using a quartz cuvette with a path length of 0.1 238 cm. Scans were obtained over the wavelength range 190−260 nm at 239 experimental temperatures of 5 and 37°C by acquiring points every 240 0.5 nm using a scan speed of 50 nm/min. Samples were equilibrated 241 for 15 min prior to each measurement. Spectra were corrected by 242 subtracting the corresponding blank solvent readings. The data are 243 expressed molar ellipticity [θ], which was calculated as follows: 244 ellipticity/[path length (cm) × concentration (mol/L) × 10].
245
Nanostructured Properties. Dynamic Light Scattering (DLS). 246 Solutions of (EI-ZC)×2, (EI-ZL)×2, and (EI)×2 were prepared by 247 dissolving pure, lyophilized products to a concentration of 25 μM in 248 PBS. They were kept at 5°C for 16 h to allow complete dissolution of 249 the recombinamers, then were filtered using a 0.45 μm PVDF syringe 250 filter. Dynamic light scattering (DLS) measurements were performed 251 using a Zetasizer Nano Series (Malvern Instrumens) equipped with a 252 10 mW He−Ne laser at a wavelength of 633 nm. Samples were 253 introduced into polystyrene cuvettes and stabilized for 5 min at the 254 desired temperature. Autocorrelation functions were used to obtain 255 the size distribution and polydispersity index. (EI)×2, (EI-ZC)×2, and (EI-ZL)×2 is provided in Figure S1 309 (Supporting Information). The natural or mutated feature of the Z-motif of each recombinamer is also indicated. The identifier assigned by UniProtKB data base to the transcription factor that contains the Z-motif used here is also provided. A dash indicates absence of Z-domains. Note that the mutated Z-moiety displays a leucine (L) in the "d" position of the fourth heptad instead of a cysteine (C). ZELR Production and Purification. ZELR purification 319 was successfully carried out using the optimized ITC protocol. 320 To the best of our knowledge, this is the first time that an 321 elastin-zipper based molecule has been purified using such an 322 approach. Although chromatography has been widely applied 323 for the purification of Z-based molecules, 8−10 this technique is 324 expensive and difficult to scale-up. Here, we have successfully 325 made use of the reversible inverse transition of the EL-moieties 326 to purify the whole ZELR hybrid molecule under water-based 327 and mild conditions. Production yields of around 100 mg per 328 liter of bacterial culture were achieved. The final product was 329 characterized by SDS-PAGE electrophoresis ( Figure S2 ), 330 MALDI-TOF mass spectrometry ( Figure S3 ), NMR (Table  331 S1 ), and amino acid analysis (Table S2) , which confirmed the 332 purity and correctness of the biosynthetic process in terms of 333 sequence and molecular mass. DSC experiments were 334 performed in order to check the Tt of the recombinamers 335 ( Figure S4 ).
336
Visualization of the Sol−Gel Behavior. Thermogelling 337 Behavior. Macroscopic observation of the systems clearly 338 indicated that freshly prepared solutions of the three 339 recombinamers, with and without zipper domains, underwent 340 a rapid sol−gel transition upon increasing the temperature 341 above the Tt. Moreover, a liquid-like state was recovered upon f1 342 lowering the temperature below the Tt (Figure 1 ).
343
The Z-motif selected here for the construction of ZELRs is 344 classified as a dimerization sequence as the establishment of 345 higher-order associations is hampered. Section.
372
The stability of these hydrogels over time clearly differed applying an isotherm at 37°C to a sample initially kept at 5°C.
f3
As shown in Figure 3 , both ZELRs showed significantly 404 enhanced stability compared to the control ELR (EI)×2. (Figure 3b ). Since the only difference between (EI-ZC)×2 and 414 (EI-ZL)×2 is the substitution of two cysteine residues by two 415 leucines (Table 1) , it can be concluded that this substitution is 416 responsible for the differences regarding the stability profile of 417 both recombinamers. 418 Additionally, the gelation time was less than 1 min for both 419 ZELR solutions (Figure 3 ). Since the solutions were able to 420 form a gel in a matter of seconds, these materials are potential 421 candidates for use as injectable hydrogels. Moreover, such a 422 short gelation time would presumably avoid diffusion events 423 once the biomaterial is injected, with the consequent 436 from the G′−G″ crossover. However, the gel state for (EI)×2 is 437 not stable over the whole temperature range measured, and 438 although a gel state of 1700 Pa is achieved at 25°C, at 439 physiological temperature (37°C) and under these conditions 440 (15 wt % and PBS), the gel state disappears. This behavior 441 contrasts with the behavior exhibited by (EI-ZC)×2 and (EI-442 ZL)×2, in which the gel state is maintained at 37°C. 443 In order to verify the reversibility of the thermogelling 444 process, a cooling ramp was applied from 40 to 5°C and the 445 resulting mechanical properties monitored. As shown in Figure  446 4, the thermogelling process is completely reversible. Moreover, 447 the gelation temperature for both (EI-ZC)×2 and (EI-ZL)×2 448 coincides with that displayed by (EI)×2. These findings suggest 449 that the elastomeric portion exerts an active role in the 450 thermogelling process, with the presence of zipper motifs being 451 essential to achieve final stabilization of the system. 452 Furthermore, (EI-ZC)×2 and (EI-ZL)×2 do not display a gel 453 state at 5°C, which is indicative that the Z-motif is not able to 454 maintain a network state by itself when the surrounding 455 elastomeric hydrophobic moieties are in a randomly hydrated 456 state. This observation is in accordance with our rational design 457 of the ZELR molecules, into which just two Z-moieties per 458 molecule were engineered in order to promote a liquid-like 459 state of the system at lower temperatures. 485 (EI-ZC)×2 and (EI-ZL)×2 show such minima at 222 and 201 486 nm. This displacement suggests the presence of a mixture of β-487 turns and α-helix structures, which agrees with a contribution of 488 both EL-and Z-moieties to the final conformation. The 489 spectrum for (EI)×2 was subtracted from those for (EI-ZC)×2 490 and (EI-ZL)×2 to more clearly discern the α-helical 491 conformation attributable to the Z-domains. 492 In order to examine the reversibility of the conformational 493 changes observed upon varying the temperature, the CD 494 spectra of these recombinamers were recorded upon cooling. Biomacromolecules XXXX, XXX, XXX−XXX 504 material without Z-domains, namely, (EI)×2) is a consequence 505 of a synergistic effect between both EL-and Z-domains, and no 506 conformational changes in the latter are involved in this 507 increased stability.
508
Nanostructured Properties. After having studied both the 509 macroscopic and the molecular behavior of these materials, the 510 next step was to determine any differences between the three 511 recombinamers at the nanoscale level. Dynamic Light Scattering (DLS). Figure 6 shows the 513 particle-size and volume distributions at both 5 and 37°C for 514 the three recombinamers. In all three cases, nanoparticles are 515 formed upon increasing the temperature from 5 to 37°C. In 516 particular, (EI)×2 self-assembles into nanoparticles of 35 nm, 517 with a low polydisperisty value of 0.05, thereby indicating a low 518 variation in particle size. Although nanoparticles of a similar size 519 to (EI)×2 are formed by both ZELRs, the polydispersity values 520 indicate a more heterogeneous population. An enlarged view of 521 the volume-distribution profiles confirms these differences 522 (Figure 6d ).
523
It is worth noting that the size distribution of ZELRs is also 524 more heterogeneous than that for (EI)×2 at 5°C, as can clearly 525 be seen from the enlarged view of the distribution profile 526 (Figure 6b ). This observation further supports the notion that 527 the Z-motifs interact at 5°C and that the liquid-like state is 528 maintained due to the limited number of Z moieties per 529 molecule included in their molecular design, with the 530 subsequent importance of this for the achievement of an 531 injectable system.
532
Atomic Force Microscopy (AFM). AFM was used to visualize 533 the structures detected in the previous DLS studies. As shown f7 534 in Figure 7 , the three recombinamers form spherical nano-535 particles at 37°C, although clear differences exist in regard to 536 the homogeneity of the nanoparticle populations. Thus, 537 whereas (EI)×2 self-assembles into a defined and homoge-538 neous population, (EI-ZC)×2 and (EI-ZL)×2 adopt a more 539 heterogeneous profile, with particle sizes ranging from 25 to 540 100 nm. Thus, Figure 7b shows that the largest nanoparticle has 541 remnants of the smaller ones, thereby pointing to a possible 542 process of formation of the bigger nanoparticles involving 586 many examples of the extrapolation of biological designs to the 587 creation of artificial machines can be encountered, a better 588 understanding of the rules that govern the assembly and 589 interactions between the different motifs found in the Nature is 590 required in order to make the most of their potential for 591 designing advanced functional materials.
592
In this study we report an innovative zipper-elastin-like 593 (ZEL-) molecule in which the connecting blocks between Z-594 domains have been engineered to form thermally responsive 595 amphiphilic EL tetrablocks. Although some examples of Z-596 based physical hydrogels have been reported in the literature, in 597 all cases the connecting blocks are essentially spacers with no 598 effect on Z-domain association. As such, the propensity of the 599 selected Z-moiety to dimerize, together with the unique 600 thermosensitive behavior of EL moieties, has been exploited 601 to form a reversible, injectable and stable hydrogel. Biomacromolecules Article
